The Gram-positive model organism Bacillus subtilis is capable of forming surface-associated communities of cells in a matrix of extracellular polymers organized in complex structures (3) . The main structural components of B. subtilis biofilms, i.e., a protein component (TasA in the yqxM-sipW-tasA operon) and an exopolysaccharide (EPS; produced by proteins encoded by the epsA-epsO operon), are produced by only a small proportion of cells (5) . The aerial extensions formed in mature biofilms, often described as "fruiting body-like" structures, present preferential sites for sporulation (3, 23) . B. subtilis biofilm development involves many regulators that determine the cell fate and therefore the composition of the biofilm. Repression of biofilm genes by the master regulator SinR is relieved upon Spo0A-dependent expression of SinI (5) . Similarly, Spo0A-regulated AbrB represses the yqxM operon (7) . Besides the yqxM and eps operons, several genes/operons have been described to be involved in the proper development of biofilms (4, 6, 13) . The genes yuaB and yvcA were identified through analysis of the role of phosphorylated DegU in biofilm development (14, 24) . YuaB is a small secreted protein regulated by AbrB, and its expression depends on the biosynthesis of the polysaccharide component of the biofilm in B. subtilis NCIB3610 (25) .
Most studies of B. subtilis biofilm development have been performed in wild isolates (e.g., NCIB3610) that produce wrinkled structures during architecturally complex colony development on solid surfaces or during pellicle formation at the air-liquid interface (3) . It has been shown that certain laboratory strains of B. subtilis (e.g., 168 1A700) are capable of forming architecturally complex colonies with vein-like structures formed by elevated bundles of cells (23) . Domesticated strains of B. subtilis (e.g., PY79) have been shown to contain mutations in genes important for swarming motility as well as colony architecture formation (12, 22) . Unlike 168 1A700, PY79 produces flat colonies with no apparent bundle formation (3, 23) . Sequencing of the degQ, sfp, and swrA loci of strain 168 1A700 revealed that these genes contain mutations identical to those found in the PY79 strain, indicating that 168 1A700 must differ from PY79 at at least one other genetic locus.
Here, we examine the role of the transcription factor Rok in architecturally complex colony development by B. subtilis 168 1A700 (Table 1) . Rok was previously identified as a repressor of comK (11) , the master regulator of competence, but Rok also reduces the transcription of a family of genes that specify membrane-localized and secreted proteins, including a number of genes that encode products with antibiotic activity (1). Strains (Table 1) were grown in TY medium (1% Bacto tryptone, 0.5% Bacto yeast, 0.5% NaCl, and 0.1 mM Mncl 2 ), and colonies were obtained by spotting 2 l of an overnight Bacillus culture on 2ϫ SG medium (13) solidified by 1.5% agar. Mutation in rok resulted in the reduction of the B. subtilis colony structures ( Fig. 1A) , without disturbing the expression of genes important for the production of biofilm matrix, as was observed in sinI or eps mutant strains ( Fig. 2 ). Mutation in rok also tempers pellicle formation (see Fig. S1 in the supplemental material). The transcription factor Rok therefore raises the number of known transcription factors in B. subtilis that influence architecturally complex colony formation in addition to regulating various processes within the cells. Examination of genes that are affected by rok during complex colony development would therefore likely reveal factors necessary for the formation of structures but not matrix production.
Transcriptome analysis of colonies of the rok mutant in comparison with those of 168 1A700 revealed the upregulation of previously identified genes (1) regulated directly by Rok or indirectly by ComK in liquid cultures ( Table 2 ). The yuaB, yobB, and yoqLM genes were found to be significantly downregulated in the rok strain. Even though many ComK-regulated genes were differentially expressed in the rok mutant, colony structure formation was not affected by a comK mutation ( Fig. 1A) . Although the list of upregulated genes (See Table 2 ) excludes the previously identified ComK-regulated genes in transcriptome analysis when colonies of a comK single mutant and a comK rok double mutant are compared, it contains the same downregulated genes (data not shown).
To examine the genes that were downregulated in the rok strain under architecturally complex colony development, mutations were introduced into the yuaB, yobB, and yoqM genes. Only a mutation in yuaB resulted in a reduction in colony structure, identical to that of the rok mutant, while the yobB and yoqM mutant strains had a colony structure similar to that of 168 1A700 (Fig. 1A) . The BFA239 mutant of the yuaB gene, constructed previously by the Bacillus subtilis gene Functional Analysis Project (15) , was used in our experiments, since the deletion mutant of yuaB (14) produced similar results (Fig.  1A) . The phenotypic similarity of yuaB and rok strains with regard to colony structure suggests that Rok affects colony development through alteration of the transcription of yuaB.
To test whether yuaB is the sole gene regulated by Rok that is required for complex colony architecture, we overexpressed yuaB in the rok mutant using 1 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG). High expression of yuaB from the hyperspank promoter in pDR111 restored complex colony structure in both yuaB and rok strains, while expression of yuaB from the spank promoter in pDR110 did not complement mutation in either yuaB or rok (Fig. 1B) . Expression levels from the hyperspank promoter are around 7 times higher than those from the spank promoter when induced with IPTG (20) . This suggests that a high level of expression is necessary for the proper function of YuaB. Furthermore, the complementation of the rok mutation by expression of yuaB suggests that Rok affects the development of B. subtilis colony structure solely by regulating the transcription of yuaB.
To address whether Rok regulates yuaB expression directly, gel mobility shift assays were performed using various amounts of purified Rok protein (1) and the promoter regions of comK and yuaB (for details, see the supplemental material). While Rok bound to its previously identified target promoter of comK, no DNA binding was observed in in vitro gel mobility shift assays when Rok was incubated with the promoter region of yuaB (see Fig. S2 in the supplemental material). In vivo binding of Rok to the yuaB promoter was also not observed in chromatin immunoprecipitation experiments (W. K. Smits, personal communication). Therefore, Rok likely regulates yuaB indirectly through a transcription factor that still needs to be identified. Extensive investigation of the differentially regulated genes in our transcriptome analysis did not reveal a candidate transcription factor that could play a role in the regulation of yuaB transcription. The transcriptional regulation of yuaB was studied using strains harboring a yuaB promoter-green fluorescent protein (GFP) fusion. Fluorescence was detected at both the colony level using a macrozoom fluorescence microscope and at the single-cell level using a cytometer (Fig. 2) . Expression of yuaB was reduced in the rok strain, as observed in the array experiments (Fig. 2) . Similarly, yuaB expression was diminished in the pellicles of the rok mutant compared to the pellicles of strain 168 1A700 (see Fig. S1 in the supplemental material). In agreement with previous reports (14, 24, 25) , a mutation in abrB enhanced, while deletion of the degSU genes reduced, the expression of yuaB in complex colonies (Fig. 2) . Abolishing (degU146) or increasing (degU32) the phosphorylation of DegU resulted in reduction or elevation of yuaB transcription, respectively. When a rok mutation was introduced into either the abrB or degU32 background, minor changes in colony structure were observed. However, the expression of yuaB was reduced in the abrB rok and degU32 rok double mutants to the same extent as when rok alone was mutated. Thus, the transcriptional regulation of yuaB by Rok is independent of the previously described regulatory pathways (14, 25) . When the promoter-reporter fusion was introduced into a sinR background, the reporter activity driven by the yuaB promoter region was comparable to that of the 168 1A700 strain. Previously, SinR was found to negatively affect yuaB regulation in B. subtilis NCIB3610 through the reduction of EPS production (25) . In contrast, here we find that mutation of epsG, causing disruption of EPS production, increased expression of yuaB in B. subtilis 168 1A700 (Fig. 2) . Similarly, deletion of sinI, which results in a colony morphology comparable to that of the epsG strain, increased yuaB expression. Thus, in B. subtilis 168 1A700, the absence of EPS has a positive rather than a negative effect on the transcription of yuaB. Domesticated strains and undomesticated isolates were found previously to differ in gene regulation during biofilm development; e.g., heterogeneity of srfAA expression differs between strains NCIB3610 and 168 1A700 (18), while colony morphology depends on distinct polymers in various wild isolates, indicating that EPS has an important role in strain NCIB3610 (2) and poly-␥-DL-glutamate in strain RO-FF-1 (22) . How the absence or presence of EPS regulates the expression of yuaB in differ- ent strains is not yet understood (25) and remains to be investigated. However, deletion of rok abolishes the high yuaB expression in epsG or sinI mutants, demonstrating that the regulation of yuaB by Rok depicted here is distinct from the ones previously described. In summary, we have shown that yuaB transcription is influenced by the transcription factor Rok during architecturally complex colony development of B. subtilis independently from the previously described regulators.
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